Abstract-In the clinical setting, parkinsonian rigidity is assessed using subjective rating scales such as that of the Unified Parkinson's Disease Rating System (UPDRS). However, such scales are susceptible to problems of sensitivity and reliability. Here, we evaluate the reliability and validity of a device designed to quantify parkinsonian rigidity at the elbow and the wrist. The method essentially quantifies the clinical examination and employs small sensors to monitor forces and angular displacements imposed by the clinician onto the limb segment distal to the joint being evaluated. Force and displacement data are used to calculate elastic and viscous stiffnesses and their vectorial sum, mechanical impedance. Interexaminer agreement of measures of mechanical impedance in subjects with Parkinson's disease was comparable to that of clinical UPDRS scores. Examiners tended to overrate rigidity on the UPDRS scale during reinforcement manoeuvres. Mechanical impedance was nonlinearly related to UPDRS ratings of rigidity at the elbow and wrist; characterization of such relationships allows interpretation of impedance measurements in terms of the clinical rating scales.
I. INTRODUCTION

T
REATMENT of Parkinson's disease can be challenging because of variation in symptoms between patients, progression of the disease, and changing responses to medications [1] - [3] . The cardinal symptoms of Parkinson's disease are rigidity, tremor, bradykinesia, and postural instability. Rigidity responds well to levodopa and is one of the parameters monitored to evaluate the efficacy of pharmacological and surgical treatments. However, there is currently no standardized objective method of measuring rigidity. At present, the clinician manipulates the limb of the patient and rates the evoked stiffness according to an ordinal rating scale such as that of the Unified Parkinson's Disease Rating System (UPDRS , Table I ). However, the subjective nature of such scales makes them open to the interpretation of the examiner. Studies of the UPDRS have found interrater reliability of the rigidity component to be "excellent" [4] , "very good" [2] , and "moderate" [5] . Studies of the Columbia University rating scale (on which the motor component of the UPDRS is based), the Webster rating scale, or a recently developed custom scale [6] have reported poorer Manuscript received November 29, 1999 ; revised July 17, 2000 and December 8, 2000 . This work was supported by the Alberta Heritage Foundation for Medical Research, the Alberta Paraplegic Foundation, the Canadian MRC, and a University of Alberta Dissertation Fellowship. A commercial party with a direct financial interest in the results of the research supporting this article has conferred, or will confer, a benefit upon one or more of the authors.
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Publisher Item Identifier S 1534-4320(01)01782-X. [1] ) levels of interrater agreement, which in some cases were no better than would be expected by chance [6] - [8] . Our own observations have shown disagreement between clinicians as to the effectiveness of medication [9] , which may in fact be explained by the tendency of different raters to concentrate to different extents on the minimum, mean, or maximum rigidity evoked. It has also been recognized that the severity of one symptom may affect the assessment of another [unpublished observations], [1] , [10] . A need for more precise methods has often been expressed [10] - [13] .
Several groups have recognized the shortcomings of the subjective methods of assessment of rigidity and have developed methods of quantifying, among other parameters, the work involved in moving a limb [14] - [16] , or the stiffness [17] , [18] , resonant frequency [19] , or activation-induced increases in stiffness [20] , [21] of the limb. Several of the earlier methods involved the use of torque motors which put unnatural constraints on movement of the limb. Some of the more recent measurement devices were designed to be used in ways that more closely resemble a clinical examination [21] , [22] . The most often quoted reasons for not introducing objective methods of quantification into the clinical setting are the expense, complexity, and time involved [1] .
We recently introduced a device for the quantification of limb stiffness which we applied to the measurement of parkinsonian rigidity at the elbow [9] . This device is based on the method of assessment of rigidity used routinely in the clinical setting, that is, the passive manipulation of the joint in question by the examiner. Sensors are used to monitor the force imposed by the examiner in moving the limb as well as the amount of movement, and the amount of rigidity is described in terms of mechanical impedance as calculated from these two parameters. The device is inexpensive, simple to use, and allows the examiner to feel and thus qualitatively rate the evoked rigidity while it is also being quantified. We found that a 50-second trial length provided a more consistent estimate of mean stiffness than the customary clinical exam, which typically might last about 10 s.
Any method of assessment of clinical symptoms must be valid, sensitive to changes in the level of the symptom, and reliable [2] . Since its introduction, the quantification device has undergone substantial changes to the hardware. In this paper, we test the sensors currently used, validate the algorithm used to calculate stiffness, and assess reliability of the overall approach. Since clinicians are accustomed to ordinal rating scales, it may be preferable to express quantitative measures in terms of such ratings. In this paper, we describe mathematically the relationship between quantified stiffness measures and UPDRS rigidity scores for the elbow and wrist and discuss the appropriateness of using the resulting equations to express quantified measures in terms of the UPDRS rating scale.
Parts of this paper have been presented elsewhere and appear in abstract form [23] - [25] .
II. METHODS
A. Stiffness Quantification Device
The device was originally designed to measure parkinsonian rigidity at the elbow, and the original version has been described in detail elsewhere [9] . A more recent version is reviewed here.
To quantify rigidity of a particular joint, the examiner repeatedly flexes and extends the joint as in a regular clinical examination. The movements are imposed through two air-filled pads held distal to the joint (Fig. 1) . The pads are connected to a differential force transducer (Motorola MPX10-DP) which measures the resultant force applied to the pads. A solid state piezoelectric gyroscope (Murata ENC05E) mounted on one of the force pads monitors the imposed angular velocity from which is computed displacement. (In the original version of the device, a long elastic strain gauge was used to monitor displacement; the gyroscope proved less cumbersome.) Both signals are fed into a data acquisition box where they are filtered (9.6 Hz second order low-pass Sallen-key), and digitized. A Motorola 68HC11 microprocessor samples the signals at 20 s and sends the result to a laptop computer. Alternatively, the filtered analog signals can be obtained directly from the box for external display or sampling. In addition, a keypad on the box allows input of clinical ratings or event markers.
Data collection was controlled via a user interface written in Visual Basic (Microsoft). This program invokes MATLAB (Version 4.2c.1, The MathWorks, Inc.) to perform the analysis. (A more recent, commercially available version of the device uses equivalent custom-written subroutines.) The first 0.5 s of each trial, with the limb held still, allows the gyroscope signal zero-velocity offset to be determined. The first four seconds of all signals are discarded to avoid analyzing data collected before the rigidity testing is actually underway. The gyroscope signal is integrated using Euler's method and detrended. Calibration of the raw data signals is then performed using linear interpolation. Calibration values are obtained by applying a 1 kg weight to each force pad individually, and by rotating the gyroscope through 90 degrees. Fig. 1 . Use of the rigidity quantification device. To quantify rigidity at the elbow, the examiner flexes and extends the joint through two air-filled pads held around the wrist. The pads are connected to a differential force transducer to monitor the amount of force employed. A gyroscope mounted on one of the pads is used to monitor angular velocity and displacement. A computer program uses these data to calculate elastic stiffness, viscous stiffness, and mechanical impedance. To quantify rigidity at the wrist, the forearm is pronated and the pads held around the hand (not shown).
Calculation of stiffness values is performed by using a leastsquares parametric method to solve the following equation for and over a 4-s moving window of data (1) where torque measured; and angular displacement and angular velocity, respectively; elastic stiffness; viscosity; constant offset of the sensors. The viscous stiffness is , where equals the mean frequency of the cyclical displacement. The output of the device includes approximately 46-s traces of torque, angular displacement, and event markers, as well as approximately 42-s traces of and . Mechanical impedance ( ) is the magnitude of the vectorial sum of and . Unless otherwise specified, for all procedures described below, raw force and gyroscope signals were taken directly from the output of the data acquisition box (9.6 Hz second-order low-pass Sallen-Key filter).
B. Gyroscope Validation
The performance of the gyroscope was tested against that of a Penny and Giles goniometer (Biometrics, Ltd.) (P G), and that Fig. 2 . Positioning of sensors on arm of subject for gyroscope validation. The performance of the gyroscope in monitoring angular displacement of the arm was compared to that of a Penny+Giles goniometer (P+G), and 3-D movement analysis system (6D-Research). The gyroscope was placed along the ulna, just distal to the elbow, and the P+G goniometer was positioned along the elbow on the ulnar side of the arm. Three electromagnetic sensors of the 6D system were placed over the styloid process of the radius, and lateral epicondyle of the humerus, and on the shoulder.
of an electromagnetic three-dimensional (3-D) movement analysis system (6D-Research™, Skill Technologies, Inc.) (6D).
The sensors were affixed to the right arm of a human subject with no known neurological impairment. The examiner (SP) applied flexion and extension of varying amplitude and frequency to the elbow joint. The subject was asked either to relax or, occasionally, to provide some resistance. Positioning of each of the sensors is shown in Fig. 2 . Signals from the gyroscope and P G goniometer were digitized at 20 s [Cambridge Electronic Design (CED) 1401 interface with 12 bit resolution, and SIGAVG (version 5.42) software]. Data from the 6D electromagnetic sensors were sampled at 40 s using the 6D software. Angular displacement was calculated off-line from the P G goniometer and integrated gyroscope signals using linear interpolation. The 6D system produced its own calculations of absolute joint angle based on vectorial projections. Calibrated signals were detrended and aligned to reduce any observed phase shift, and the amplitudes of the signals were compared by calculating root mean square (RMS) errors.
C. Characterization of Force Sensors
As mentioned above, the force sensors of the device consist of two air-filled pads connected to a differential force transducer. To test linearity, combinations of weights ranging from 10 g to 4630 g were applied to one force pad at a time. Data were collected via the Visual Basic user interface and correlation coefficients between the forces applied and the force output signals were computed.
To test the frequency response and phase shifting of the force sensors, sinusoidal variations in force were applied to one of the force pads using a custom-made moving-coil electromagnetic force servo-motor with a 4-strain-gauge proving-ring force transducer. The frequency of the sinusoidal input (Feedback Function Generator FG600) was increased from 0.2 to 10 Hz over 60 s. The signal from the force sensor and the output of the force transducer of the servo-motor were digitized at 100 (CED 1401 and SIGAVG). A fast Fourier transform was performed in MATLAB on the raw voltage signals; the frequency response and phase shift were determined by dividing the cross spectral density by the power spectrum of the output of the servo-motor force transducer.
D. Phase Shift Investigation
Elastic stiffness ( ) is the ratio of the component of torque in phase with angular displacement of the joint and the displacement itself; the viscous stiffness ( ) is the ratio of the component of torque in phase with angular velocity and the velocity itself. The algorithm used to calculate mechanical impedance first estimates separately the contributions of and to the torque measured. The mechanical impedance is then the vectorial sum of the two stiffnesses. Since any phase shifts of the displacement or force signals with respect to each other will affect the relative proportion of and calculated by the algorithm, it is important that the sensors do not introduce phase lags or leads.
This was tested for the force sensors as described above. To test the gyroscopes, two gyroscopes were attached to the arm of an angular servo motor (Printed Motors Ltd. "Servalco" servomotor) which moved through a range of 201 or 91.5 at frequencies ranging from 0.2 to 1.5 Hz. Signals from the gyroscope and displacement transducers of the servo-motors were digitized at 100 or 20 s (CED 1401 and SIGAVG). The displacement transducer and integrated gyroscope signals were detrended and calibrated by linear interpolation. The calibrated signals were plotted and compared graphically in MATLAB.
E. Validation of System and Test-Retest Reliability on a Model Arm
In order to validate the results of the stiffness calculations, we quantified the elastic stiffness of a model constructed from a prosthetic arm and compared these measurements to the estimates obtained using the rigidity quantification device. The model is depicted in an inset of Fig. 3(a) . Different levels of stiffness were created by attaching different combinations of elastic cords across the elbow. To obtain an independent estimate of stiffness, the arm was flexed and extended via a load cell at about 0.5 Hz over a constant range measured by a goniometer. Angular displacement was measured using a custom-built linear variable displacement transducer (LVDT). This signal was low-pass filtered at 2.9 Hz (first order) and 10 Hz (second order Sallen-Key). LVDT and load cell signals were digitized at 20 s (CED 1401 and SIGAVG). Five 50-s tests were performed at each of four stiffness settings. The stiffness was taken as the slope of the regression line of the plot of angular displacement versus imposed torque.
After each set of five trials of a particular stiffness setting, the stiffness was tested again at the same angular range and frequency for five trials using the rigidity quantification device. The gyroscope was mounted on the ulnar side of the model forearm, just distal to the elbow. For each trial, the mean elastic stiffness was determined using two methods: 1) by the analysis software as described above; and 2) from the slope of the regression line of the angle-torque plot. These two values were then compared to the corresponding estimates of determined (a) (b) Fig. 3 . Validation of calculations of elastic stiffness using a model arm. The quantification device was tested on a prosthetic limb to which were attached combinations of elastic cords to produce different levels of constant stiffness [schematic inset of (a)]. Stiffness of the system was first estimated by repeatedly flexing and extending the arm over a period of 50 seconds using a load cell and monitoring the angular displacement with an LVDT. The elastic stiffness (K) was taken as the slope of the regression line of the angle-torque plot of the two signals [graph inset of (a)]. Stiffness of the system was subsequently measured using the quantification device. Comparison of the estimates of K calculated by the software of the device to the values determined using the load cell and LVDT yielded a regression coefficient of 0.999, and absolute values of K were similar (a). These data also offered a check of test-retest reliability of the quantification device on a system of constant stiffness. Shown are the mean of samples of Z (6 SEM) of individual trials (b). Statistically significant differences between some of the measurements of the same stiffness level are attributed to the small standard errors, and are negligible on the UPDRS scale. The nonlinear equation used to create the UPDRS axis from the Z axis was determined from the clinical data in this paper (see Section III , part E).
from the load cell and LVDT using Pearson's correlation coefficient and linear regression.
These tests also allowed evaluation of the test-retest reliability of the system, as five quantification trials were carried out at each level of stiffness. By taking every data point of the mechanical impedance trace (one point every four seconds), 11 independent samples of were obtained for each trial. One-way ANOVA with Student-Newman-Keuls test posthoc was used to test for significant differences between the trials for each stiffness setting. When the data sets failed tests of normality or equal variance, nonparametric versions of the statistical tests were used (Kruskal-Wallis ANOVA and Student-Newman-Keuls test). Alpha was set at 0.01 for ANOVA, and 0.05 for the posthoc tests.
F. Clinical Testing and Determination of Relationship of Mechanical Impedance to Qualitative UPDRS Ratings
Clinical testing of the device was performed in order to investigate the intra-and inter-rater reliability of measures of produced by the device, and to compare this reliability to that of the rigidity scale of the UPDRS. In addition, we wished to compare the relationship between and the clinical ratings for rigidity at the elbow to that determined using an older version of the device [9] , as well as to describe such a relationship for rigidity at the wrist.
Four patients with idiopathic Parkinson's disease consented to participateinthisstudyinaccordancewithlocalethicalcommittee approval. The average age of the subjects was 58 years (range 52 to 64 years), and the average duration since onset of symptoms was 8 years (range 6 to 10 years). One subject (GM) had undergone a right unilateral pallidotomy two years prior to this study. All subjects were tested without alteration of their daily medication routine; thus, at the time of testing, subjects were not necessarily receiving maximal pharmacological benefit.
Four examiners also participated in this study. JJ and WM are neurologists, and MW is a physiotherapist; all three had extensive experience in clinical evaluation of parkinsonian rigidity. AP, one of the authors of this paper, and one of the developers of the quantification device, was less experienced in the clinical evaluation of rigidity at the elbow. JJ and AP had both participated in a previous study involving the quantification device [9] .
The rigidity of each patient was evaluated by each examiner. The wrist and elbow of the right arm were assessed, separately, in all cases. The examiner first rated the rigidity of the joints using his or her regular method. Then one or two quantification trials lasting 50 s each were performed on each joint. The examiners instructed the patient to perform a reinforcement manoeuvre of the examiner's choice (e.g., clench contralateral fist, or tap leg with contralateral hand) for roughly half of each trial. For the quantification trials, the forearm was supinated while the elbow was tested, and pronated while the wrist was tested. Every few seconds over the course of each trial, as well as when the rigidity level was felt to change, the examiner verbally rated the rigidity according to the UPDRS; this rating was recorded by SP using the keypad. For all subjects except one, the order of examiners was: JJ, WM, MW, AP; for subject WD, the order of JJ and WM was switched.
For purposes of statistical analysis, we assumed that independent samples of could be obtained from a single 50-s trial by taking samples every four seconds (every point). (Since negative or values imply that the subject was assisting the movements imposed by the examiner, data points falling within a segment of the trace where either or was negative were excluded; the point immediately after such a segment was selected instead.) The corresponding data points from the keypad trace were used as independent samples of the clinical rating.
The samples were grouped according to whether or not they were collected during periods of reinforcement. Any samples from nonreinforced segments occurring after a reinforced segment in the same trial were omitted, as effects of reinforcement may still have been present.
To determine the relationship between and the clinical rating (UPDRS), the average of the samples of nonreinforced or reinforced obtained from one trial was plotted against the average of the corresponding samples of clinical rating. The linear relationship was described as the slope of the regression line passing through the origin and fitted to data from all trials performed during the study. A nonlinear relationship was also determined by fitting an exponential equation to the data (SigmaPlot ® Version 4.01, Jandel Scientific).
Usually an examiner performed two trials of impedance quantification on each subject. Scores of nonreinforced or reinforced rigidity ( or clinical rating) of one subject by one examiner could be calculated by taking the average of all such samples obtained from both trials. A combined rigidity score ( or clinical rating) was obtained by taking the average of the nonreinforced and reinforced scores; this allowed equal weighting of either score so that the final measurement was not contingent on the amount of time allotted to reinforcement maneuvers.
The Spearman rank-order correlation coefficient ( ) was used as a measure of test-retest reliability, by calculating between the results of the first and second trials performed on the same subject by the same examiner. Agreement between examiners was estimated by comparing the coefficient of variation (standard deviation/mean) for each method of measurement.
Impedance of five normal control subjects was measured by SP using the quantification device. Subjects ranged in age from 46 to 76 years (mean 62.2 years) and included three males and two females. Both wrists were tested in four subjects, and both elbows in all five. Three 50-s tests were performed on each joint. The subjects were asked to perform reinforcement manoeuvres (tap the knee with the other hand) for roughly the last half of the second and third trials. Impedance traces were subsampled as described above. Scores of nonreinforced and reinforced were calculated for each subject using the data from all trials for one joint combined.
Unless otherwise stated, statistical analysis for all of the above methods was performed using SigmaStat™ Version 1.0 (Jandel Scientific).
III. RESULTS
A. Gyroscope Validation
Passive angular displacement of the elbow joint of one subject was measured using a gyroscope, P G goniometer and threedimensional movement analysis system (6D). The RMS error of the gyroscope compared to P G goniometer (mean SEM 2.1 ) or 6D system ( ) represented less than 3% of the total range tested.
B. Characterization of Force Sensors
The linearity of the force sensors was tested by applying weights of increasing magnitude to each of the force pads.
Correlation between the weight and the force output signal was excellent, regression coefficients ( ) ranging from 0.997 to 1.000 for the trials using weight combinations ranging from 500 to 3630 g. Deviation from the regression line was 3% over 3630 g. Regression coefficients were equally good when smaller weights were applied (10 to 500 g, to ), as well as when larger weights were investigated (1000 to 4630 g, to ). The range of weights applied corresponds to the forces used to passively move wrist and elbow joints of control subjects or subjects with mild to severe parkinsonian rigidity.
The frequency response and phase shift of the force sensors was tested by applying sinusoidal variations in force to one of the force pads via a linear servo-motor in force feedback mode. Compared to the output of the proving-ring force transducer of the servo-motor, the change in gain of the pad force sensor was 2 dB in the range of 0.2 to 10 Hz, and 0.5 dB over 0.2 to 2.0 Hz. The force pad signal lagged that of the force transducer of the servo-motor strain gauge by 0.5 at 0.5 Hz, and 2 at 1 Hz. This was opposite to the lead expected based on the frequency response, and is thought to be caused by a delay due to the time taken for the air to move through the tube connecting the force pad to the differential force transducer. We conclude that the force pad transducers are linear and have a flat frequency response over the range of frequencies of movements that would be imposed during rigidity evaluation.
C. Phase Shift Investigation
Potential phase shift of the integrated gyroscope signal with respect to the output of length transducers of servo-motors was investigated.
When the gyroscope was tested over a 90 or 200 range and its signal sampled at 20 s , the integrated signal (angular displacement) generally lagged the output of the length transducer of the servo-motor by 20 to 30 ms (equivalent to about 4.5 phase lag at 0.5 Hz, and 9 phase lag at 1 Hz testing frequencies). The phase shift was negligible when the gyroscope signal was sampled at 100 s , and this suggests that the observed phase shift at 20 s was a result of integration at a low frequency of sampling and not an artifact of the sensor itself.
During evaluation of rigidity, the joint is generally tested over an approximately 90 range, at a rate of 0.5 to 1 Hz. When these ranges are considered, our results indicate that the relative phase shift between the force and angular displacement signals is small (4 to 7 ), and the effect on estimates of and minimal.
D. Validation of System and Test-Retest Reliability on a Model Arm
The stiffness calculations of the quantification device were validated by comparing device-generated estimates of to the stiffness of a model arm measured in separate tests with other transducers [ Fig. 3(a)] . The four stiffness settings tested covered the general range of elbow stiffnesses we have encountered in patients with parkinsonian rigidity. There were excellent correlations between the independent estimates of obtained with the LVDT and load cell and those computed by the device software [ , Fig. 3(a) ], or determined from angle-torque plots generated from the output of the device ( , not shown). Absolute values were very similar; the slopes of these regression lines were 0.983 and 0.954, respectively.
Since eleven independent samples of could be obtained from each trial that employed the quantification device, this set of experiments presented an opportunity to evaluate the test-retest reliability of the device at each of four relatively constant stiffness levels. Individual trials within a stiffness setting were usually statistically different from each other (ANOVA or Kruskal-Wallis ANOVA,
, and Student-Newman-Keuls test posthoc, ). However, the standard error of each test was very small; although the values were different statistically, they were not different in a practical sense given that the variability corresponded to a small fraction of one point on the UPDRS scale [see Fig. 3(b) ].
E. Clinical Testing and Relationship Between and UPDRS
Four examiners measured the mechanical impedance of the right elbow and wrist of four patients with idiopathic Parkinson's disease using the quantification device. They also rated the rigidity of the joints on the UPDRS scale both during the quantification trials (UPDRS ) as well as separately using their usual method before the trials (UPDRS ). Reinforcement manoeuvres varied between examiners and subjects and were chosen by the examiner. When the quantification device was employed, the period during which the subject performed reinforcement maneuvers ranged from one third of the trial to the entire test period, as decided by the examiner. When quantified measures ( ) of reinforced and nonreinforced rigidity from each trial performed at the elbow were plotted against simultaneously-obtained UPDRS scores, the slope of the regression line fitting the data from all trials was 27.4, giving a rough description of the relationship between scores and the UPDRS rigidity scale. However, it is evident from the plot that and clinical ratings are not linearly related (Fig. 4) . In attempt to describe this relation more accurately, the data were fitted with an exponential equation in the form UPDRS rating (2) To take into account a nonzero for control subjects, was set to 0.0108 (mean of control subject elbow data, without reinforcement). Further, the parameter a was set to 4 to reflect the maximum possible UPDRS rating. The result was the following equation:
UPDRS rating (3) Using this equation, can be scaled so that and UPDRS scores for individual subjects can be compared graphically. Fig. 5(a) demonstrates the correlation between and UPDRS scores shown in Fig. 4 , and also indicates the variation in scores for each subject. Each large point represents the mean standard deviation of four scores (one mean score from each examiner). The smaller circles represent the mean scores of individual examiners for each subject. The combined rigidity score of an examiner for a subject is the average of the nonreinforced and reinforced rigidity scores; these are plotted in Fig. 5(b) . Combined scores are compared to the UPDRS ratings, for which a single score takes both reinforced and nonreinforced rigidity into account.
In general, interexaminer agreement for rigidity at the elbow was greater with higher rigidity levels. Across subjects, the mean ( SEM) coefficients of variation for raw values and UPDRS scores were 0. scores, and 0.28 0.08 (range 0.14-0.50) for raw values. Coefficients of variation were most consistent between subjects for UPDRS scores. For combined rigidity scores, the maximum difference in UPDRS for any subject was 1.5, comparable to the maximum difference between UPDRS of 1.4. Combined values scaled using (3) demonstrated a maximum intrasubject difference of 1.0. The average maximum difference in scores across subjects was comparable for all three measures ( ). Test-retest reliability at the elbow, as indicated by Spearman's rank order correlation coefficients ( ) was greatest for combined rigidity scores [ (raw ) or 0.94 (UPDRS )], when nonreinforced and reinforced rigidity scores were pooled ( or ), or when reinforced rigidity scores were considered separately ( or ). Reliability was less for measures of nonreinforced rigidity ( or ). Test-retest reliability could not be estimated for the usual clinical method (UPDRS ) as each examiner rated the rigidity of a single joint only once.
It is proposed that the score may offer a more accurate description of changes of rigidity with reinforcement. In Fig. 4 , most of the points of reinforced rigidity (black points) lie above the fitted line, suggesting a tendency of the examiners to over-rate rigidity on the UPDRS scale when they know that reinforcement manoeuvres are being performed.
In general, the observations from the measurements of rigidity at the elbow hold for those at the wrist, although the picture is not as clear with the wrist data. The plot of raw values versus UPDRS ratings yielded a linear regression line with a slope of 76.2. As with the elbow, the relation between and UPDRS at the wrist is nonlinear and the equation UPDRS rating (4) was fitted to the data (Fig. 6 ).
Interexaminer agreement for clinical ratings (UPDRS and UPDRS ) was generally better at higher levels of wrist 0.14) and from 0.11 to 0.77 (0.33 0.15), respectively, for combined scores. Coefficients of variation for UPDRS ratings ranged from 0.21 to 0.67 (0.39 0.10). Large variation in during reinforcement for subject WR is attributed to two things. First, examiner AP instructed a stronger reinforcement manoeuvre than had the other examiners. Second, WR assisted the limb movements imposed by examiner MW for most of the two trials, the result being that only a few data samples were obtained from each trial. With the exception of subject WR, agreement of raw scores was comparable to or better than agreement between UPDRS ratings.
For combined wrist rigidity measures, the maximum difference in scores for a subject was comparable between UPDRS (1.5) and [scaled using (4), 1.7] , and lowest for UPDRS (1.0). The average maximum difference across subjects was greatest for UPDRS (1.13), and similar between UPDRS (0.76) and (scaled, 0.92)
Spearman rank order correlation coefficients between scores obtained from first and second trials at the wrist, reflecting test-retest reliability, were better for values ( to ) than for UPDRS scores ( to ). For quantified measures, coefficients were equally good for nonreinforced as for reinforced and combined rigidity scores; coefficients for UPDRS ratings were slightly lower with nonreinforced rigidity.
Nonreinforced values for control subjects ranged from 0.0045 to 0.0216 N m/degree (mean SEM: 0.0108 0.0024) for the elbow and 0.000 40 to 0.00264 N m/degree (0.00129 0.00028) for the wrist. Often subjects had difficulty in relaxing the arm, resulting sometimes in resistance to the passive movements imposed. Reinforcement had no effect on impedance at the wrist in control subjects. At the elbow, impedance was seen to increase by as much as 273% with reinforcement, but this was inconsistent; across subjects, reinforced impedance was slightly higher but statistically insignificant than nonreinforced impedance. Note that because negative values of or resulted in exclusion of data, the values presented above represent the results from seven elbows (four subjects) and seven wrists (four subjects). Data of reinforced impedance at the wrist was only available from six joints (three subjects).
IV. DISCUSSION
The data presented here demonstrate that a device introduced previously [9] provides a valid and effective means of quantifying rigidity of the upper limb.
The gyroscope, used to monitor angular displacement of the limb, is accurate within 5%. The force sensors are linear with a frequency response that is flat over the maximum range of frequencies of passive limb movement anticipated under the conditions of clinical evaluation of rigidity.
Results obtained from the quantification device were validated with those of another measure of stiffness on a model arm. Trials performed using this model arm as well as clinical trials on subjects with Parkinson's disease demonstrated good test-retest reliability of quantified measures.
In clinical trials, measures corresponded well to clinical ratings of parkinsonian rigidity, both in individual trials and across the data set as a whole. The slope of the regression line fitting and UPDRS data from the elbow (27.4) was close to that obtained in our previous study (22.9) [9] . Two examiners (AP, JJ) had participated in the earlier trials, but all subjects were unique to the present study. In the current study, we have determined that the relationship between and clinical ratings is best described with a nonlinear equation. This is in agreement with the observations of Weber, Fechner, and Stevens that, in general, perception is nonlinearly related to stimulus magnitude [26] . While Fechner expressed the sensation-stimulus relationship in terms of a logarithmic function, Stevens later determined that the relationship was better described by a power law, which could be applied to noxious as well as neutral stimuli [26] . We chose to use an exponential equation in order to accommodate for the upper limit imposed on the UPDRS scale.
In our previous study, it was suggested that the slope of the regression line be used as a conversion factor with which to express measurements in terms of UPDRS ratings. Though a linear conversion factor is simpler to understand and to apply, the exponential equation offers a more accurate picture of the relation between and the UPDRS rigidity scale. There exists a nonlinear relationship between stiffness and its perception: what feels twice as stiff actually is not. The exponential equation expresses the perception of mechanical impedance better than a linear conversion.
Do (3) and (4) hold for all subjects? In our experience, the answer is a qualified yes, though in very slight subjects the clinical rating may be somewhat underestimated by the equations (clinicians presumably take into account some estimate of a subject's potential strength). Taking into consideration that the analysis procedure of the rigidity quantification device does not incorporate a correction for limb mass, and that linearity of measurement has been listed as an advantage of quantification systems [21] (a joint twice as stiff produces a measure with twice the magnitude), we suggest that rigidity measurements should eventually be reported in terms of Système International (SI) units rather than UPDRS ratings. In the mean time, the exponential equations (3) and (4) provide a means whereby one may interpret, in general, the meaning of such measures with respect to the clinically intuitive UPDRS scale.
It was observed that measurement of mechanical impedance of the elbow of a completely relaxed control subject without hypertonus tends to produce negative values of . This is likely due to the varying action of gravity on the mass of the forearm as it is rotated. Our current method of discarding any segment of containing negative values of either or does not accommodate for situations of low stiffness with complete relaxation. Testing our model arm without elastic cords (i.e., no stiffness; the weight of this arm was comparable to that of a human arm) produced negative values of ranging from 0.0018 to 0.0083 N m/degree (mean SEM: 0.0045 0.000 05). This needs to be tested on human subjects showing no electromyographic activity of the muscles of the upper arm.
In the current study, interrater agreement and test-retest reliabilityofquantifiedmeasuresofimpedanceweresimilartothoseof UPDRS ratings of rigidity. The conclusion may then be drawn that these measures are redundant and that clinical evaluation alone would suffice. However, it is important to keep in mind that the examiners involved in this study had worked together previously, andthreeofthemhadbeeninvolvedinthefirstclinicalassessments of the quantification device. Some studies have reported moderate to excellent interrater reliability of the rigidity component of the UPDRS scale, but in at least two of these studies comparisons were made between examiners from the same center [4] , [5] , [27] . Another study evaluating the Columbia University and Webster scales involved four examiners from different centers [8] . The relatively poor reliability reported was attributed not only to the inexperience of the raters, but also to differences in technique employed and interpretation of the scales. Another study evaluating these same two scales with six neurologists from the same center reported only "fair" to "moderate" interrater reliability [7] , perhaps an indication of shortcomings in the scales themselves. In any case, differences in the method of rigidity assessment is one source of disagreement between clinicians.
In an unpublished clinical trial of our quantification device at the National Hospital, Queen Square, London, U.K., five neurologists from three countries assessed rigidity at the elbow and wrist of seven subjects with Parkinson's disease. Their UPDRS ratings for a given patient differed by as much as two points. However, their ratings subsequently collected over 50-second trials with the device (UPDRS ) tended to show better agreement. The improvement was apparently due to specification of the plane of movement of the joint and prolongation of the length of the test. The need for uniformity in methods of application of rating scales has long been recognized [1] , [28] , [29] . It has been recommended that clinicians involved in a study establish agreement on the technique to be used and interpretation of scales [8] , [30] . However, this does not remedy the problem of comparing results between studies.
Quantification of rigidity can help by removing the subjective element of the scales. In the London study above, persisting interrater discrepancies between UPDRS scores obtained under the more controlled conditions of quantification of rigidity were attributed largely to individual interpretation of the scale. In the present study, it is thought that the quantified measures more accurately reflected increases in rigidity with reinforcement maneuvers.
It is important to note that standardization of technique is also desirable when a quantification device is employed, since many variables can affect the level of muscle tone observed [1] . In the present study, occasional large variability in measures of mechanical impedance was most likely due to actual differences in the level of rigidity evoked. For example, examiner AP instructed subject WR to perform a reinforcement manoeuvre that was stronger than requested by the other examiners.
In this paper, we have demonstrated validity and reliability of a device for the quantification of parkinsonian rigidity. The device fulfills the requirements demanded by a clinical setting, that is, it is relatively inexpensive, time-efficient, and simple. The way in which this device is used more closely emulates the clinical examination than other methods of quantitative assessment. Measurements are sensitive to changes in impedance levels due to reinforcement, as well as to fluctuations in rigidity which occur spontaneously during the course of a trial and which are detectable by the clinician. The nonlinear relationships between and simultaneously-acquired UPDRS scores of rigidity at the elbow and wrist were described using exponential equations. Because differences in technique of rigidity assessment and interpretation of rating scales appear most evident when clinicians from different centers are compared, a study involving a large, international sample of clinicians would be desirable to validate and possibly refine these equations.
The quantification device evaluated here is currently in use in several clinical and research settings in North America and Europe and the number is slowly growing. If the device achieves widespread acceptance, then the choice will need to be made as to whether to communicate the measures of rigidity in terms of mechanical impedance or as scores relating to the UPDRS scale. Scientifically, the former approach is preferable, but it may be that the method will gain better initial acceptance if measures are interpreted in terms of the familiar clinical rating scales. Expression of in terms of UPDRS ratings using equations such as those determined here may subsequently allow a gradual transition to the expression of rigidity in the standard physical units of the Système International (SI).
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